Relationships between wind speed and gas transfer, combined with knowledge of the partial pressure difference of CO2 across the air-sea interface are frequently used to determine the CO2 flux between the ocean and the atmosphere. Little attention has been paid to the influence of variability in wind speed on the calculated gas transfer velocities and the possibility of chemical enhancement of CO2 exchange at low wind speeds over the ocean. The effect of these parameters is illustrated using a quadratic dependence of gas exchange on wind speed which is fit through gas transfer velocities over the ocean determined by the natural-14C disequilibrium and the bomb-14C inventory methods. Some of the variability between different data sets can be accounted for by the suggested mechanisms, but much of the variation appears due to other causes. Possible causes for the large difference between two frequently used relationships between gas transfer and wind speed are discussed. To determine fluxes of gases other than CO2 across the air-water interface, the relevant expressions for gas transfer, and the temperature and salinity dependence of the Schmidt number and solubility of several gases of environmental interest are included in an appendix.
INTRODUCTION
Much effort has gone into determining a relationship between gas transfer and wind speed, such that gas fluxes between ocean and air can be determined from air-water concentration differences and wind speed over the ocean [Deacon, 1980; Kromer and Roether, 1983 Memery and Merlivat, 1985] . Several of these parameters are not intimately linked to wind speed, so it is likely that relationships using only wind speed to predict gas transfer velocities will be flawed. Parameters which are more closely related to surface turbulence, such as backscatter of microwave radiation from the water surface, might be better predictors of gas transfer. For this reason, scatterometer-derived winds, such as used by Etcheto and Merlivat [1988] , or direct relationships between radar backscatter and gas transfer [ Wanninkhof and Bliven, 1991 ] might be better suited for estimating gas transfer than wind speed records from ships. Only limited data on other parameters influencing surface turbulence are available for the ocean, and experiments in wind-wave tanks and on lakes have shown that wind has a major effect on gas transfer. Thus relationships of gas transfer and wind speed will continue to be used until more comprehensive predictive equations become The dotted line is the best fit quadratic dependence through the data points and corresponds to the relationship we propose for gas transfer and long-term wind. The solid line is the curve we propose for gas transfer and short-term wind speed based on the 14C values and the wind speed distribution around the mean oceanic wind speed. The dashed-dotted line is the relationship proposed by Liss and Merlivat [1986] . All data are normalized to Sc -600, assuming that k is proportional to Sc-1/2. Corrections are significant for many of the values. For instance, the in situ exchange obtained with radon at ocean station PAPA has to be multiplied by a factor of 2 to correct to Sc -600. If a correction of Sc-1 is applied to the PAPA value, the gas transfer will be 4 times as high as the in situ value (see appendix). [ 1985] has a significantly stronger dependence on wind speed than that of LM. Data obtained using the radon deficit technique and the global 14C gas transfer values are included in the figure. The large discrepancy between the two relationships and the scatter of the experimental values are indications of the large differences in results over the ocean. Differences are caused in part by uncertainties in measurement of gas transfer velocities and in determination of the wind speed; and in part because other factors which influence gas transfer have not been taken into account.
Any perturbation to surface turbulence can have an effect on gas transfer. Broecker et al. [1978] and Jiihne et al.
[1984a] have shown in wind-wave tank experiments that surfactants can have a large inhibitory effect on gas transfer. Goldman et al. [1988] have suggested that gas transfer is retarded even at very low surfactant film pressures. Entrained bubble plumes from breaking waves will enhance gas transfer. Gas solubility will influence gas transfer rates if bubbles contribute to the gas transfer process [Jiihne et al., 1984b; Merlivat and Memery, 1983; Memery and Merlivat, 1985] . Changes in wind direction can influence the wave field, possibly affecting gas transfer, but this has not been investigated to date.
In light of discrepancies and uncertainties in different wind speed data sets [Pierson, 1990; Etcheto, 1990, 1991; Murphy et al., 1991] and in gas transfer velocities measured in the field [Roether and Kromer, 1984] , and because other factors influence gas transfer over the ocean, it is not surprising that large differences in field and modeling results of gas transfer have been obtained. I speculate that some of the differences are due to a fetch dependence of gas transfer, and due to the averaging intervals of wind speed measurement.
Fetch Dependence of Gas Transfer
The gas transfer relationships of LM and Hartman and Hammond [1985] shown in Figure 2 might exhibit a weaker dependence on wind speed than proposed in this work because they were developed using data from fetch-limited systems. Work in wind-wave tanks has indicated that fetch has an influence on gas transfer shore [Hasselman et al., 1975] , suggesting that surface turbulence over the ocean influencing gas transfer also might be fetch dependent.
There is evidence of fetch dependence at low wind speeds based on gas transfer work performed using the deliberate tracer sulfur hexafluoride, SF6, on lakes with surface areas ranging in size from 0.13 km 2 to 500 km 2 [Crusius and Wanninkhof, 1990 ; Upstill-Goddard et al., 1990; Wanninkhofet al., 1985, 1987, 1991b] . Figure 3 gives the average gas transfer velocity for each of the experiments. The largest lake, Pyramid Lake, has the highest average gas transfer. The gas transfer velocities on Pyramid Lake also exhibit the strongest dependence on wind speed (Figure 4) . There is significant scatter in the individual data points, but a least squares power law fit through all the data in Figure 4 using an estimated Schmidt number and a Sc -ø'5 dependence (see appendix). A large systematic error in the temperature dependence of the gas transfer velocity of SF 6 could cause the observed difference. However, the experiment on the smallest lake, ELA Lake 302N, was performed at water temperatures of 18ø-22øC. Wind speeds were only measured at one location at the lakes, except for Pyramid Lake, where five anemometers were spread along the lake shore, and one on the lake. On this large lake, wind speed varied significantly with location. Even 6-week wind speed averages varied with location, ranging from 3.6 rn/•s at a land station to 1.9 m/s at the raft. This clearly indicates the importance of adequate wind speed measurements for gas transfer experiments, and that relationships between gas transfer and wind speed obtained on lakes can be biased by the location of the wind meters.
Wind Speed Variance
The variance of wind speed during the measurement interval can have a significant influence on the gas transfer velocity calculated from a relationship between gas transfer and wind speed. Gas transfer-wind speed relationships presented in the literature have been used without regard to the averaging period of the wind speed measurement. Some of the difference in calculated gas fluxes over the ocean could be caused by this effect. If the relationship between gas exchange and wind speed is nonlinear or has a nonzero intercept, the calculated gas transfer velocities at a particular mean wind speed will depend on the wind speed distribution. Most experimental results suggest that the relationship has a positive curvature, so gas transfer velocities measured over long time periods with variable winds will be higher than if gas transfer velocities are measured instantaneously or under steady wind conditions for the same average wind speed. To further illustrate this point and to quantify this effect, a quadratic dependence between gas transfer and wind speed is assumed, and the difference in proportionality in the case of steady (short-term) winds and long-term averaged winds is compared. Since a quadratic dependence is strongly nonlinear, the difference between short-term and long-term relationships will be larger than for a relationship with less curvature. A quadratic dependence of gas transfer and wind speed does not have any physical significance, but is a reasonable fit to experimental results. Wind tunnel results can be adequately modeled with a quadratic [Kanwisher, 1963; Wanninkhof and Bliven, 1991] . Gas exchange data obtained in the field have been related to wind speed with power laws using factors ranging from 1.5 [Hartman and Hammond, 1985] The proportionality factor f in the relationship between the gas transfer velocity, kay and long-term averaged wind speed squared (kav --fu 2 arm) is determined using the bomband natural-•4C gas exchange data from Broecker et al. [1986, 1985] . To obtain a relationship between steady wind speed and gas transfer, which would be more applicable for determination of gas transfer velocities using instantaneous or shortterm wind speed measurements, a quadratic dependence is again assumed, and a global wind speed distribution is used. 
Gas transfer velocities obtained
The relationship (3) should be applicable to deduce gas transfer velocities at steady winds, from spot measurements using shipboard anemometers, and from wind speeds derived from scatterometers or radiometers.
Data points from field experiments at wind speeds of 12-17 m/s fall well below the curve which is proposed (see Figure  1) . This could be an indication that a quadratic dependence is too strong or that the experimental data at high wind speeds are systematically low. Radon gas transfer values at station PAPA could be low due to entrainment of water with high radon concentrations from below the mixed layer during stormy conditions. Gas transfer results at 17 m/s are from a dual gaseous tracer technique using 3He and SF6 [Watson et al., 1991] . This method will yield low gas transfer velocities for He and SF6 if gas transfer through bubbles is an important mechanism [Asher et al., 1991] .
No error estimates have been included for relationships (1) and (3). If we use the rough error estimates of •4C invasion rates, the uncertainty in the proportionality factor in (1) is -+25%. However, uncertainties in the global average wind speed are not quantified. Error estimates for (3) are even more nebulous, since there are large regional variances of wind speed distributions from the Raleigh distribution. The relationships for long-term averaged wind speed and steady wind speed yield gas transfer velocities that differ by 30%, for the same average wind speed (Figure 1) . This indicates that the time interval over which the wind speed is determined is important in models. This can, in part explain the puzzling discrepancy between the average gas transfer velocity obtained with radon during Geosecs [Peng et al., 1979] and the average gas transfer velocity measured with •4C (Figure 1 ).
The gas transfer velocity measured with radon falls close to the line of gas transfer with steady winds. Winds used with the Geosecs radon gas exchange values are instantaneous or 24-hour averaged wind speeds and should be more closely related to steady winds. Other radon data at similar wind speeds vary by as much as a factor of 3, which indicates that other factors influence gas exchange and/or that experimental errors in measuring gas transfer with radon are significant.
Using the wind speed distribution and gas exchange relationship for steady wind suggested above, the relative contribution of gas transfer at particular winds to the total gas transfer velocity can be determined. Figure 5 shows that for a Raleigh distribution around an average wind speed of 7.4 m/s, the gas transfer distribution peaks at wind speeds of 10-11 m/s due to the nonlinear nature of the gas transferwind speed relationship proposed. Although wind speeds above 15 m/s do not occur frequently over the ocean, they do contribute significantly to the global gas transfer in the proposed relationship.
Chemical Enhancement of C02 Gas Transfer
Chemical enhancement of CO2 exchange at low wind speeds over the ocean has been ignored in all relationships between gas transfer and wind speed. Chemical enhancement of CO2 exchange occurs by reaction of CO2 with water or hydroxide ions in the surface boundary. This increases the concentration gradient of the diffusing species in the water boundary layer and, thereby, the gas transfer. The contribution of chemical enhancement to CO2 gas transfer has been determined by Bolin [1960 Emerson [1975] , using electroneutrality constraints for unenhanced gas transfer velocities greater than 1 cm/hr.
The enhancement factor, E(t, pH, k), due to chemical enhancement can be expressed in the form

Fen E(t, pH, k)= (4) kun(C w -aCa)
where Fen is the flux, kun is the gas transfer velocity without chemical enhancement, Cw and Ca are the CO2(gas) concentrations in water and air, respectively, and a is the The relationship is in agreement with the experimental work of Peng [1973] at lower wind speeds when chemical enhancement is most pronounced (see Figure 6 ). This could be fortuitous, since processes influencing gas exchange in the laboratory vessels and wind-wave tanks might be different from those in the field [Hasse, 1990] .
Ostwald solubility coefficient. Thus ken --E(t, pH, k)kun, where ken is the gas transfer velocity including chemical enhancement and E(t, pH, k) is a function of pH, temperature, and kun. For the LM formulation, which is assumed to express kun as a function of steady wind, ken and wind can be related by ken = E(t, pH, k)[au•o -b]. E(t, pH, k) is determined according to Hoover and
Although Many uncertainties regarding the relationship between gas transfer and wind speed remain. It is not clear whether wind speed can be used by itself to estimate gas transfer velocities. Extensive wind speed records are available for most of the ocean, and reasonable estimates of wind speed can be made for locations where wind records from ships are unavailable. Therefore it is tempting to use relationships between gas transfer and wind speed to determine global gas fluxes. The relationship between gas transfer and wind speed that is suggested in this work has much in common with others. It uses the trend of gas transfer with wind speed obtained from wind-wave tanks to determine the general shape of the curve, and uses field data for calibration. Relationships between gas transfer in wind tunnels can be well fitted to a quadratic dependence. The ocean ]4C gas transfer data of Broecker et al. [ 1985] and Cember [1989] are used in the proposed relationship along with long-term climatological winds to relate the dependence to the ocean. These winds are deconvolved to a wind speed distribution. The resulting equations suggest that for steady winds, a weaker dependence of gas transfer on wind should be used than if long-term averaged winds are used to estimate gas transfer velocities. When empirical relationships between gas exchange and wind speed are utilized that are not linear or do not intercept the origin, the appropriate relationship should be used, taking the averaging time scale for wind speed into account. This may in part explain why average gas transfer velocities determined from radon mixed layer profiles often fall below ]4C gas transfer velocities at similar wind speeds.
Another factor frequently overlooked in relationships between gas transfer and wind speed is that the chemical enhancement of CO2 exchange will increase CO2 fluxes at low wind speeds. The chemical enhancement effect is estimated based on theoretical work, but more work is necessary to determine the exact magnitude of this enhancement over the ocean.
APPENDIX Expressions for Gas Transfer
The flux of a slightly soluble gas across the air-water interface can be expressed as
where k is the gas transfer velocity, Cw is the gas concen- Several other terms are used to express gas transfer. In the stagnant film model of gas transfer [Higbie, 1935] the resistance to gas transfer is expressed in terms of a stagnant film z, which is independent of gas. The gas transfer velocity can be estimated from wind speeds using (3) for steady or short-term winds, from (1) for long-term climatological winds, or from other relationships presented in the literature Hartman and Hammond, 1985; Liss and Merlivat, 1986; Smethie et al., 1985; Smith, 1985] . In most relationships it is assumed that k is proportional to Sc-v2. Experimental and theoretical work has shown that this is a reasonable assumption at intermediate wind speeds. Table A1 gives the constants to a third-order polynomial fit for the temperature dependence of The To derive the Schmidt numbers for seawater, the diffusion coefficients measured in fresh water were decreased by 6% to account for the difference of diffusion of helium in distilled water and seawater as determined by Jiihne et al. [1987b] . The kinematic viscosity of distilled water was multiplied by 1.052 + 1.300 x 10-3t + 5.000 x 10-6t 2 -5.000 x 10-7t 3 (t in degrees Celsius) to obtain seawater (35%0 salinity) viscosities. This fit is based on experimental work of Ruppin and Krummel [Krummel, 1907] . The difference in diffusion coefficient and viscosity between fresh water and salt water increases the Schmidt number for gases in seawater by approximately 10% compared to freshwater values at the same temperature.
If bubbles contribute significantly to gas transfer, the parameterization of gas transfer velocity will include solubility. Equations (1) and (3) and the equations of Liss and Merlivat [1986] and Tans et al. [1990] were developed specifically for CO2 exchange. Although the influence of bubbles on gas transfer is poorly understood and not extensively studied, it is clear that if transfer through bubbles is a significant mechanism, gases with low solubility will experience a greater enhancement than gases with higher solubility, such as CO2 [Broecker and Siems, 1984 In order to determine the flux of a gas, the solubility has to be known in addition to the gas transfer velocity. Solubilities have been measured for most gases of geochemical interest. Table A2 gives the equations for the temperature and salinity dependence for solubilities of several gases expressed in the units most often used for the gas in question. Approximate conversions between units are also included. The functional form is derived from an expansion of the "Van t'Hoff" equation including terms for the salting out effect (the Setschenow relationship). The reader is referred to several papers by Weiss and co-workers [Warner and Weiss, 1985; Weiss, 1970 Weiss, , 1971 Weiss, , 1974 Weiss and Kyser, 1978; Weiss and Price, 1980] , and a summary paper of Wilhelm et al. [1977] for discussion of methods and the accuracy of the solubility measurements.
